ABSTRACT
INTRODUCTION
Growth arrest is a primary feature of mammary cells with an intact apical domain [1] . Ductal cells in the mammary gland asymmetrically organize into an apical pole oriented towards the tissue exterior and a basal pole that interfaces with the stroma and vasculature [2] . The establishment and maintenance of the apical cortex is controlled by the Par (Partition Defective) and Crb (Crumb) polarity protein complexes [3] . These complexes mediate cell polarity by orienting vectorial processes such as protein trafficking to cellular landmarks including intercellular junctions [4] . Recent studies indicate that dysregulation of the core proteins that promote apical asymmetry (aka polarity) also disrupts normal cellular growth control mechanisms [5, 6] . For instance, amplification of apical polarity proteins Crb, Par-6 and ĮPKC promotes mammary cell proliferation [7] [8] [9] . Conversely, loss of Par-3 and Crb3 is correlated with tumor development [7] . This dual role of polarity proteins in oncogenic and tumor suppressive functions likely results in part from a requirement for their intracellular localization to be precisely regulated.
The adaptor protein Amot (aka Angiomotin) controls the spatial distribution of apical polarity proteins to regulate apical asymmetry. Amot encodes two well characterized functional moieties.
Through a C-terminal PDZ binding motif, Amot binds the multi-PDZ domain containing proteins Patj and
Mupp1 that in turn scaffold other Par and Crb proteins [10] . Amot also directly binds membranes enriched in recycling endosomes and the apical plasma membrane via an Amot Coiled-Coil Homology (ACCH) domain [11] . Together, these domains allow the 80 kDa isoform of Amot (Amot80) to bind and redistribute components of the Par and Crb protein complexes from apical intercellular junctions to endosomes [10] . Consequently, Amot80 expression induces the disruption of the integrity of apical intercellular junctions; an early event in the loss of cellular differentiation [2] . The increased expression of Amot in epithelial cells in the elongating trophoblast [12] , in the anterior visceral endoderm (AVE) [10] and in endothelial cells undergoing angiogenesis [13] suggest that Amot coordinates polarity proteins to mediate cell migration. Consistently, genetic inactivation of Amot results in embryonic lethality from either cells in the AVE failing to extend to cover the embryo [14] or from later defects in neovascularization [13] . While Amot transcript levels correlate with invasive and metastatic breast cancers [15] , no studies have investigated a cell autonomous role in the development of carcinomas.
This study describes a novel role for Amot in promoting the prolonged activation of the extracellular signal-regulated kinase isoforms 1 and 2 (ERK1/2). The importance of such signaling in cell proliferation is demonstrated in several contexts. Immunoblot analysis. Cells in 1 % TX-100, 50mM HEPES pH 7.5, protease inhibitor cocktail (Sigma), 1 mM NaVO 4 , and 10mM NaF were incubated on dry ice for 5 minutes. Defrosted and clarified lysates were boiled in sample buffer resolved by SDS-PAGE and immunoblotted with antibodies at dilutions:
(Santa Cruz), GFP (Invitrogen), HA (12CA5) at 1:1000. GAPDH (Millipore), Flag/M2 (Sigma) at 1:5000.
Imaging. Confocal Images were acquired on Zeiss AxioObserverZ1 as structured light via an Apotome and processed with Axiovision 4.7. Stereo images were acquired using a Nikon SMZ1500 microscope.
Immunohistochemistry was performed as described in [11] lrECM Assays. 5,000 MCF10A cells were grown on growth factor reduced Matrigel as described [17] in 8-well culture slides (BD-Biosciences). Every 4 days the 2.5 % Matrigel and 5 ng/ml EGF feeder layer was replaced. 10,000 SKBR3 cells were seeded onto Matrigel containing DMEM and 10% serum. 
RESULTS

Amot is required for prolonged activation of ERK1/2 in HEK 293T cells.
The effects of Amot on growth factor induced migration [18] and cell polarity suggests that it may also regulate MAPK signaling. Growth factor receptors signal via Ras GTPases through a three component MAPK cascade. This consists of the top-level serine/threonine Raf kinases [19] that phosphorylates the MAPK/ERK kinases (MEK) [20] . MEK then dually phosphorylates the 42 and 44 kDa isoforms of ERK at a threonine and tyrosine residue resulting in a several thousand fold activation of kinase activity [21] . The effects of ERK1/2 are in turn largely determined by whether they are activated at the plasma membrane where they mediate transient cytosolic process versus at endosomes where they undergo prolonged activation linked to pro-growth nuclear signaling [22] . Figure 1C ). This is consistent with Amot preferentially regulating the pool of ERK1/2 that is mainly targeted to the nucleus [23] where it phosphorylates the ternary complex transcription factor ELK-1 [24] . This induces the transcriptionally active complex containing ELK-1 and serum response factor (SRF) to promote the expression of pro-growth genes [25] [26] [27] . Consistent with Amot regulating nuclear signaling, silencing of Amot resulted in an approximate 30 % reduction of luciferase expression from an Elk-1 reporter plasmid in cells cultured in 10 % serum and over a 50 % decrease in luciferase expression in cells grown in 1 % serum versus control cells ( Figure 1D ).
Comparative expression of Amot in human mammary cell lines.
Because the proliferation of ductal mammary cells requires ERK1/2 dependent signaling [28] , the relative levels of Amot protein were measured in a panel of human breast cell lines with differing hormone and growth factor receptor status [29] . The levels of the 80 and 130 kDa isoforms of Amot 
Amot80 expression increases ERK1/2 dependent signaling to enhance the rate of proliferation of MCF7 cells.
While MCF7 cells do not typically require ERK1/2 for growth [30] they switch to such signaling following prolonged estrogen deprivation or anti-estrogen treatment [31] . We therefore examined the about a 60 % frequency with DsRed-tagged Amot80 at intracellular compartments ( Figure S3A-C) .
Further, YFP-tagged Amot80 co-distributes at intracellular puncta with Par-3 ( Figure S3E ). This is strongly reminiscent of previous reports showing that Amot80 and Par-3 co-distribute at recycling endosomes in MDCK cells [10, 11] . Thus, it is predicted that Amot80 promotes the activation of ERK1/2 at recycling endosomes to which it also redistributes apical polarity proteins.
Expression of Amot80 induces non-polarized growth of MCF10A cells in Matrigel
Studies on pro-growth signaling in cells grown on 2-dimensional surfaces poorly capture the inhibitory effects of differentiation on proliferation [32] . However, non-transformed mammary cells grown in a laminin rich matrix of extracellular proteins proliferate and assemble into ordered hollow fluid filled acini that in many ways resemble normal mammary ducts [17] . Figure 5C ) reminiscent of defects produced from an inability to down regulate ERK1/2 signaling [28] .
SKBR3 cells require Amot expression for ERK1/2 but not Akt dependent growth
The differential requirement for ERK and Akt signaling for the growth of SKBR3 cells was exploited to probe whether Amot selectively functions in ERK dependent growth. Mammary cancers often escape a requirement for ERK1/2 signaling for growth by alternatively activating Akt [33, 34] .
Increased levels of phosphatidylinositol-(3,4,5)-trisphosphate produced by the phosphatidylinositol-3-kinase (PI3K) triggers the activation of the serine/threonine kinase AKT that in turn promotes cell proliferation, survival and motility [35] . SKBR3 cells utilize Akt signaling for growth on a plastic surface (an environment conducive to poorly differentiated growth) whereas they switch to a dependence on ERK signaling for growth when cultured in Matrigel [34, 36] . Consistent with previous reports that SKBR3 cells utilize ERK1/2 signaling in Matrigel [34, 36] , treatment with U0126 but not DMSO strongly inhibited their growth ( Figure S5A ). Further, SKBR3 cells silenced for Amot expression that grew normally on plastic exhibited a complete loss of growth in Matrigel (Figure 6 E,F) . This analysis was further extended in MDA-MB-468 cells which are highly sensitive to growth inhibition by UO126 [30] . In these cells, the level of Amot silencing directly correlated with the degree of inhibition of ERK1/2 phosphorylation (Figure S6 A, B) . While adhesion defects confounded attempts to measure cell growth on plastic, an approximate 50 % silencing of Amot resulted in a significant retardation of growth in Matrigel (Figure S6 C,D) . Taken together, Amot appears to be selectively required for ERK1/2 dependent growth of mammary epithelial cells. [26, 27] . This is strongly supported by the observations that Amot80 expression activates ELK-1 and SRF transcription as well as enhances the rate of cell proliferation of MCF7 cells.
Amot may coordinate the activation of MAPKs with the redistribution of apical polarity proteins to endosomes. The apical polarity proteins Crb and Par-6, in addition to their roles in cellular asymmetry, also promote cell growth [8, 37] ; where Par-6 acts via ERK1/2 signaling [8] . One explanation for how these proteins may promote both differentiation and proliferation is that they alternatively promote differentiation on the apical plasma membrane but induce cell growth at intracellular compartments.
The common requirement of the C-terminus of Amot for binding and redistributing apical polarity proteins to the endosomal recycling compartment (ERC) [10, 11] and for ERK1/2 dependent proliferation suggests that Amot may be responsible for repurposing apical polarity proteins to promote pro-growth signaling at endosomes. This might explain how the "slow" trafficking pathway involving cholesterol enriched vesicles that move between the plasma membrane and the ERC mediate ERK1/2 dependent cell growth [38] . Consistently, Amot80 and phospho-ERK1/2 co-distribute at intracellular compartments. The strong role of Amot downstream of N-Ras also fits with this premise as N-Ras binds cholesterol enriched vesicular membranes [39] . Further, Raf is only activated by Ras with a multi-hour lifespan associated with pro-growth signaling at endosomes [40, 41] . Future work relating the mechanisms whereby MAPKs are scaffolded and targeted [22, 42] with the regulation of specific polarity proteins by Amot will likely uncover the biochemical and cellular mechanisms for such
signaling. An intriguing possibility is that this is coordinated with Hippo signaling, a key pathway controlling cell growth [43] that is regulated by apical polarity proteins [44] and predicted to be upstream of ERK1/2 signaling [45] .
The effects of expression of Amot80 on MCF7 cells recapitulate aspects of anti-estrogen resistance in luminal type breast carcinomas. MCF7 cells via the estrogen receptor alpha (ERĮ) grow in response to estrogen and are mainly refractory to anti-MEK drugs [30] . However, acquired resistance to the antiestrogens such as Fulvestrant results in increased ERK1/2 dependent growth [46] . Thus increased Amot expression could explain one mechanism whereby luminal tumors acquire estrogen independence. This also fits with the observation that the levels of Amot correlate with high tumor grade and metastatic risk [15] , features that are common to recurrent estrogen independent tumors that present with increased MAPK signaling [47] [48] [49] .
High levels of Amot expression may indicate breast cancers that utilize ERK1/2 signaling for growth. ErbB2 positive tumors or basal-like breast tumors that express ErbB1 and/or ErbB3 generally activate either RAF-MEK-ERK1/2 or PI3K-Akt dependent signaling for growth. A significant problem in treating these cancers is that drugs such as Trastuzumab often lose effectiveness when the tumor cells switch from ERK to Akt dependent growth [33] . The correlation between Amot expression and sensitivity to UO126 in the basal like (MDA-MB-468 and MDA-MB-436) and ErbB2 positive (BT474 and SKBR3) breast cancer cell lines [30] indicates that Amot80 expression may be associated with tumors samples. Assays were performed using cells cultured under basal conditions or starved for 24 hours and then in serum for four hours. Error was computed as the standard deviation of the mean. P-values are derived from unpaired/two-tailed student t-tests. Author Manuscript Published OnlineFirst on February 1, 2011; DOI: 10.1158/0008-5472. CAN-10-1995 
